A possible method to confirm ±s-wave pairing state using the Riedel anomaly in 

Fe-pnictide superconductors 
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We theoretically propose a method to identify ±s-wave order parameter in recently discovered 
Fe-pnictide superconductors. Our idea uses the Riedel anomaly in ac-Josephson current through an 
SI(± S) (single-band s-wave superconductor/insulator/±s-wave two-band superconductor) junction. 
We show that the Riedel peak effect leads to vanishing ac-Josephson current at some values of biased 
voltage. This phenomenon does not occur in the case when the ±s-wave superconductor is replaced 
by a conventional s-wave one, so that the observation of this vanishing Josephson current would be 
a clear signature of ±s-wave pairing state in Fe-pnictide superconductors. 

PACS numbers: 74.20.Rp,74.50.+r,74.20.-z 
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In the current stage of research on Fe-pnictide 
superconductors d 0, H 0, [H, the symmetry of super- 
conducting order parameter is one of the most impor- 
tant issues. Since the discovery of superconductivity in 
LaFeAsOi-zF-r ilj, great experimental and theoretical ef- 
forts have clarified various key properties of these mate- 
rials. FeAs-layers form a quasi- two dimensional electron 
system, consisting of hole and electronpockets around 
the T- and M-point, respectively® 01111 El El El El- 
An antiferromagnetic (AF) phase exists without car- 
rier doping [3, so that the possibility of pairing mech- 
anism associated with AF spin fluctuations has been 
discussedfH El E3, E3 ■ The decrease of Knight shift [H[ 
below the superconducting phase transition tempera- 
ture T c indicates a singlet pairing state. A tunnel- 
ing experiment [20j, as well as angle-resolved photoemis- 
sion spectroscopy (ARPES) [H E3| , have shown that Fe- 
pnictides are multigap superconductors. The ARPES ex- 
periment also reports that the order parameter in each 
band may have a nodeless s-wave symmetry [ill fl2j . 
While this is consistent with the exponential temperature 
dependence of the penetration depth far below T^(2lj. 
it seems contradicting with the T 3 -behavior of NMR- 



|23| |, implying the existence of nodes. 



As a candidate for the symmetry of order parameter 
in Fe-pnictide superconductors, a ±s-wave state has been 
recently proposed[H El E3, EH- In this pairing state, 
nodeless s-wave order parameters in electron and hole 
bands have opposite sign to each other. This uncon- 
ventional superconductivity has been shown to consis- 
tently explain the observed superconducting properties 
mention above [H El fl9l l20ll. except for the power-law 
behavior of NMR-Tf 1 ]^, |23|. However, some theory 
groups have pointed out that the NMR result can be 
also explained within the framework of ±s-wave super- 
conductivity, when one includes impurity scattering [2H 
and/or anisotropic Fermi surfaces [25| . It has been also 
reported that the enhancement of inelastic neutron scat- 
tering rate at a finite momentum transfer observed in 
superconducting Bao.6Ko.4Fe2As2 is consistent with the 



±s-wave scenario [18l [26(. Since a model calculation in- 
cluding a pairing interaction mediated by AF spin fluctu- 
ations supports ±s-wave superconductivity [17[, confirm- 
ing the ±s-wave order parameter in Fe-pnictides is also 
crucial for clarifying the pairing mechanism of these ma- 
terials. 

In this paper, we theoretically propose a method 
to confirm the ±s-wave order parameter in Fe- 
pnictide superconductors. In identifying the pairing 
symmetry of unconventional superconductivity, phase- 
sensitive experiments are very powerful. For ex- 
ample, the so-called 7r-junction SQUID played cru- 
cial roles to identify the d x 2_ y 2-wetve order parame- 
ter in high-T c cuprates[27j. Our idea uses the ac- 
Josephson current Ij through an SI(±S) (single-band 
s-wave superconductor/insulator/±s-wave superconduc- 
tor) junction shown in FigfT] In this case, Ij consists 
of two components associated with two bands in the ±s- 
wave superconductor. Because of the sign difference of 
two order parameters in the ±s-wave state, these two 
current components are found to flow in the opposite 
direction to each other. In addition, as in the case of 
ordinary ac-Josephson current, each current component 
shows the Riedel anomaly [H [2^|, where the Josephson 
current diverges at a certain value of biased voltage V 
across the junction. These two phenomena are shown 
to give vanishing total ac-Josephson current Ij at some 
values of V. This vanishing Ij does not occur when the 
order parameters in the two-band superconductor have 
the same sign. Since the ARPES experiment reports a 
nodeless s-wave order parameter in each band El EH) the 
observation of the vanishing ac-Josephson current would 
be a clear signature of ±s-wave state in Fe-pnictides. 

To explain details of our idea, we explicitly calculate 
the ac-Josephson current through the SI(±S)-junction in 
FigfT] The Hamiltonian is given by 



H = H S + H 



±s 



H 7 



(1) 



where H s and H± s , respectively, describe the single-band 
s-wave superconductor on the left of the junction and ±s- 
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FIG. 1: Model SI(±S)-junction which we consider in this pa- 
per. The left of the junction is a single-band (denoted by 
s-band) s-wave superconductor with the order parameter A s . 
The ±s-wave superconductor on the right of the junction has 
two bands denoted by h-band and e-band, with the order pa- 
rameter Ah and A e , respectively. Ij is the Josephson current 
through the junction. 



wave superconductor on the right of the junction. Tun- 
neling effects are described by Ht- In the BCS approxi- 
mation, H s is given by 



^[A s a s la s J 



VT -pi 



h.c. 



(2) 



Here, ap a is the creation operator of an electron in the 
s-band with the kinetic energy ep, measured from the 

Fermi energy. A s = U s /J(q_ p j , a pt) i s the order param- 
p 

eter in the s-band, where U s < is a pairing interaction. 

For H± s in Eq. ([T]), we simply assume a two-band sys- 
tem as a minimal model to describe ±s-wave supercon- 
ductivity (although band calculations @, 0, H, S floL [l5j. 
as well as ARPES experiment ll| , indicate the existence 
of more than two bands). We also do not discuss the 
origin of the pairing interaction in this paper, but simply 
employ the following model Hamiltonian[17l. |30I| 



P a r a f r a 
c p°po- u po- 



p,<7,a=e,h 

_l_ tj of af a' a' 

-h 2^ ^"^S+q/sT^p+q/s^-p'+q/nV+q/sT' 



(3) 

where cp"J. is the creation operator of an electron in the 
a(= c,h)-band, with the kinetic energy £p, measured 
from the Fermi level. U aa is an intraband interaction in 
the a-band. U aa i (a ^ a') describes a pair tunneling 
between the e-band and h-band. (We take f/ e h = Uh c .) 
In the mean-field approximation, Eq. ^ reduces to 



C p°P<T L p<T 

p,CT,Q 



Eh^-U+H- (4) 



Here, the order parameters and A e are given by 

A, = L/ Wi ]T<cVp>> + ^E< c -p1 c pT>' (5) 



-p! l pT 



pi c pT 



(6) 




FIG. 2: Temperature dependence of the order parameter | A^| 
and |A e | obtained from the coupled equations (|6]) and l[7|. 
normalized by the value A/ t (T = 0). We set Uhh = U ee = 0, 
\U he \(N h (0) +iV e (0)) = 1.0, and N h (0)/N e (0) = 0.4, where 
N a (0) (a=e,h) is the density of states at the Fermi level in 
the normal state of the a-band. Ah and A e have opposite 
sign to each other when Uhe > 0, while they have the same 
sign when Uhe < 0. 



The ±s-wave state is easily obtained, when one sets 
Uh e > and U ee — Uhh = 0. In this case, Eqs. ([5]) and 
© give the coupled equations, 



-u hl 



E 
p 



A e = -U he J2 



re 2 



A, 



, 1 
-=-= tanh — 

|A e P 2T 



= tanh — — 
12 2T 



I A, 



(7) 



(8) 

These equations have solutions only when the sign of Ah 
is opposite to the sign of A e . We note that A^ and A e 
have the same sign when Uhe < 0. We also note that the 
h-band and e-band have the same T c , given bv(30| 



2joj c 



(9) 



where 7 = 1.78, and u c is the ordinary cutoff energy in 
the BCS theory. N a (0) is the density of states at the 
Fermi level in the normal state of the a-band. 

Figure[3]sIiows the calculated A^ and A e from Eqs. ([7]) 
and ijHJ). We will use these results in evaluating the ac- 
Josephson current. In this regard, we briefly note that, 
although we take U ee = Uhh — to realize ±s-wave su- 
perconductivity in a simply manner, the following discus- 
sions on the ac- Josephson effect is not affected by detailed 
values of U aa i, as far as ±s-wave state is realized. 

The tunneling Hamiltonian in Eq. |T]) has the form 
H T = A + A\ where 



E 



rpOt 

1 p.k^pa 



(10) 



Here, T° k is the tunneling matrix element between the 
s-band and a-band, which satisfies the time reversal sym- 
metry, as Tp k = T"* _ k . Assuming a weak junction, we 

calculate the tunneling current / = —e(N s ) = ie(A — A^) 



3 



within the lowest order in terms of T° k (where N s 



E 



p.cr per per 



is the total number operator of electrons 



on the left of the junction in FigfTJ) . Then, we find 



J(t) = 



dt'([A(t)-At(t),A(t')+A\t')}) . (11) 



Here, the statistical average (• • -}o is taken in the absence 
of H T , and A(t) = e i{H a +H ±3 )t Ae -i{H s +H ±a )t_ 

Effects of finite voltage V across the junction is conve- 
niently incorporated into Eq. (jlip by replacing A{t) by 
e~ teVt A(t). Equation (fTT|) involves both the Josephson 
current Ij and quasi-particle current I q . Extracting the 
former component, we find that Ij consists of the tunnel- 
ing current between the s- and h-band, and that between 
s- and e-band, as 



I j = -2e ^2 Im 



-2ieVt 



n a (uj = eV) 



(12) 



where 



Ii a {uj) = -if dte iut ([A a (t),A a (0)}) . (13) 

J — oo 



Equation ([13]) can be calculated from the analytic con- 
tinuation of the corresponding thermal Green's function 



n a (w n 



1/T 



dTe iv " T (T T {A a (T)A a (0)}) 



= |T p Q k | 2 ^G^(p,zc m )G? 2 (k, iWm + iu n ), 



p.k 



(14) 



where v n and uj m are the boson and fermion 

Matsubara frequencies, respectively, and A(t) = 
e r(H s +H ±B ) Ae -r(H s +H ±s )^ The off _ diagonal Green's 

function is given by 



IAaI 2 



(A = s,a), (15) 



which satisfies G£i = G^|- 

For simplicity, we approximate the tunneling ma- 
trix element Tp k to the value averaged over the 
Fermi surface (= (T_* k )). Executing the momen- 
tum summations in Eq. (j 14|) . we obtain H a (ii> n ) = 



27r 2 |(T« k )| 2 iV s (0)iV Q (0)A:A Q A(z^), where 



A(iv n )=Tj2 



sjul, + | A, | 2 y/(u m + v n f + \A a \< 



(16) 

Here, N s (0) is the density of states at the Fermi level in 
the normal state of the s-band. As usual, we evaluate 
the Wm-summation in Eq. (|16[) by transforming it into 
the complex integration. Changing the integration path 
so as to be able to carry out the analytic continuation 
in terms of iv n , we execute iv z — > lu + iS. Substituting 




0.5 1 1.5 2 

eV/[ \A(T=0)\ + |4»(T=0)| ] 

FIG. 3: Calculated ac- Josephson current |J|, normalized by 
Jo = VG^G~[\A h {T = 0)j + \A e (T = 0)|]/e, as a function of 
biased voltage V. (a) T = 0. (b) T/T c s = 0.9, where T c s is 
T c of the superconductor on the left of the junction in FigfTJ 
The Riedel anomaly can be seen at eV/(\A s \ + \Ah\) = 1.0 
and 1.48 in panel (a), and at 0.80 and 1.24 in panel (b). In 
addition to these peaks, we also find weak singularities at 
eV = |A Q - |A S |, for example, eV/(|A s | + \A h \) ~ 0.37 in 
panel (b). We take (Tp k ) = (T| ik >, for simplicity. For the 
values of Ah(T) and A e (T), the results in Figf2] are used. 
Values of the interaction U s is chosen as to realize Ah(T = 
0)/A s (T = 0) = 1.5. 



the result into Eq. ([12]) , we find that the sine-component 
of ac- Josephson current (= Ij) can be written as Ij = 
Jsin(2eV + <j> s — 4>h), where 4> s and 4>h are the phases 
of the order parameter A s and A^, respectively. The 
coefficient J has the form 



J = Jh + rjJ e 



(17) 



where Jh and J e come from the tunneling current be- 
tween the s-band and e-band and that between s-band 



and h-band, respectively. They are given by 31 
G a lAJIAc 



\A S 



dz tanh — — 
2T 

\z - eV\)0(\z\ - \A a \ 



V|A s | 2 -(z-el/)V^ 2 -|Aa| 2 
9(\z\ - \A s \)9(\A a \ - \z + eV\) 
v/z2-|A fl |V|Aa| 2 -(z + ey) 2 



(18) 



where G a = 47re 2 ^(0)A^ Q (0)|(T« k )| 2 . In Eq. {FT) , i) in- 
volves useful information about the phase difference be- 
tween A h = lAI^" and A P = lAJe^s as 



V = 



-1 
+ 1 



4>h + Tf), 



(19) 



When -q = —1 (SI(± S)-junction), the phase difference 
between A^ and A e equals tt. In this case, the current 



4 



J e flows in the opposite direction to Jh- This leads to 
the suppression of the total Josephson current as J = 
Jh — J e - In contrast, when <p e = 4>h in the case of rj = +1, 
the Josephson current is simply given by the sum of two 
current components, as J = Jh + J e . 

Figure Eta) shows the magnitude of ac- Josephson cur- 
rent J at T = 0, as a function of biased voltage V. Each 
component Jh and J e has a peak at eV = |A S | + |A a | 
(a = e,h) (Riedel anomaly). The resulting total ac- 
Josephson current J(rj = —1) = Jh — J e vanishes when 
the voltage V satisfies Jh(eV) = J e (eV). (See the solid 
line in FigG^a).) The Riedel peaks at eV = \A S \ + \A h \ 
and eV = \A S \ + ]A e | guarantee that this condition is 
always satisfies at a voltage (= Vo) in the region^. 

|A s |+Min[|A h |,|A e |] <eV < |A.| + Max[|A A |, |A e |]. 

In contrast, when the phase difference between A^ and 
A e is absent {rj = +1), J does not vanish, but is always 
finite. (See the dashed line in Figj3ja).) Thus, the obser- 
vation of the vanishing ac- Josephson current would be a 
clear signature of ±s-wave state in Fe-pnictides. 

The vanishing Josephson current can be also seen at 
finite temperatures, as shown in Fig[3](b). On the other 
hand, when \A h \ = |A e | and Jh(eV) ^ J e {eV) are acci- 
dentally satisfied, the Riedel peaks in Jh and J e appear 
at the same value of V, so that J(rj = —1) = Jh — J e only 
has one Riedel peak at eV = \Ah\ + \A s \. In this special 
case, the vanishing J is not obtained even in the SI(±S)- 
junction. However, since two different energy gaps have 
been observed in Fe-pnictide superconductors [III fl2l. |2C| . 
we can determine the relative sign of the two order pa- 
rameters corresponding to the observed two energy gaps 
by our method. 

One can immediately extend our idea to the case with 
more than two order parameters. In this case, when 
all the order parameters do not have the same sign, we 



again obtain the vanishing ac- Josephson current due to 
the same mechanism discussed in this paper. 

Multiband superconductivity is affected by even non- 
magnetic impurities !33>], so that the Riedel anomaly may 
be weakened by impurity effects. The suppression of 
the Riedel anomaly is also expected when one includes 
anisotropic Fermi surfaces. When the Riedel peak in J e is 
broadened and the peak height becomes smaller than the 
value of Jh at eV = \A S \ + |A e | in FigEfa), the vanishing 
ac- Josephson current is no longer obtained. In this case, 
however, unless the Riedel peak becomes very broad, J 
would show a dip (peak) structure at eV — \A S \ + \A e \ 
when rj = —1 (r/ = +1), which may be still useful 
to confirm its-wave superconductivity. Since any real 
superconductor more or less has impurities, as well as 
anisotropic band structure, it is an interesting problem 
how our idea discussed in this paper is modified when 
more realistic situations are taken into account. We will 
separately discuss this problem in our future paper. 

To conclude, we have studied a possible method to con- 
firm the ±s-wave pairing symmetry in recently discovered 
Fe-pnictide superconductors. Using the Riedel anomaly 
and the fact that the ac- Josephson current through the 
SI(±S)-junction consists of two components flowing to- 
ward the opposite direction to each other, we obtained 
the vanishing ac- Josephson current at certain values of 
biased voltage. This phenomenon is absent when the ±s- 
wave superconductor is replaced by an s-wave supercon- 
ductor where the order parameters have the same sign. 
Since the symmetry of order parameter is deeply related 
to the mechanism of superconductivity, our method dis- 
cussed in this paper would be also helpful in clarifying 
the mechanism of superconductivity in Fe-pnictides. 
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